The genome sequence of Campylobacter jejuni NCTC11168 was analyzed in terms of DNA structural properties (intrinsic curvature, base-stacking energy, and DNA exibility) throughout the chromosome. In addition, we calculated the frequency of DNA repeats in C. jejuni and in chromosomes from 25 other species of the class Proteobacteria. Compared with the average, global repeats are underrepresented in C. jejuni, whereas local repeats are overrepresented and the percentage of palindromes exceeds that of most other pathogenic bacteria. These palindromic regions are localized to regions of known hypervariability. Furthermore, the proportion of purine and pyrimidine/purine stretches observed in both C. jejuni and H. pylori (˜-subdivision Proteobacteria) is signi cantly greater than that in the other Proteobacteria subdivisions and correlates with the high potential for recombination observed for these two species. The rst half of the C. jejuni genome (e.g., in the direction of the sense strand of the sequence le) contains three RNA operons. In contrast, the other half of the genome contains several regions coding for surface structure genes, including lipo-oligosaccharide (LOS), surface polysaccharide and capsular antigens, and agellin and agellar modi cation. The structural parameters of these well-characterized genes and gene clusters correlate with current knowledge of their expression, stability, and recombination potential. We conclude that visualization of DNA structural parameters in the genome sequence of C. jejuni is a useful tool for identifying important characteristics of genes that correlate with functionality.
INTRODUCTION
Campylobacter jejuni subsp. jejuni (hereafter C. jejuni) is an important human intestinal pathogen, with an estimated incidence in several developed countries exceeding 800 reported cases per 100,000 inhabitants [1] . Despite intensive study, there have been few advances in the development of control and intervention strategies; the incidence of human infection has increased for a decade [1] . A better understanding of gene organization, function, and regulation in C. jejuni could provide new insights into its fundamental biology, which could subsequently be exploited as the basis for rational control strategies.
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The complete genome sequence of one C. jejuni isolate from human diarrhea (NCTC11168) has been determined [2] . The substantial informational content of any entire genome clearly requires the application of bioinformatics tools to improve our understanding of its function.
In this study, we analyze the genome sequence of C. jejuni strain NCTC11168 with bioinformatics tools that calculate different DNA structural parameters (such as intrinsic curvature, base-stacking energy, and position preference) and the occurrence of global and local repeats and palindromic sequences. These parameters are visualized for the entire chromosome as a circular plot known as the GenomeAtlas [3, 4] and correlated with experimentally determined properties in well-characterized genes or gene clusters. In addition, we compare repeat sequence data with corresponding properties in whole chromosomes of other species belonging to the class Proteobacteria, a phylogenetically distinct but extremely diverse group of bacteria [5] , of which Campylobacter and Helicobacter represent the epsilon subdivision [6] , to determine broad similarities or differences between taxa.
METHODS
Complete genome sequences of C. jejuni NCTC11168 and other organisms were downloaded from GenBank or from the appropriate web page of the Genome sequencing center (Table 1) . A complete list of all Proteobacteria genomes used in this study, pertinent URLs, calculated repeats, and other information can be found on a supplemental web page (see http://www.cbs.dtu.dk/services/GenomeAtlas/Campy/).
Structural Parameters
Three different types of structural characteristics were predicted, with the use of previously described models: DNA curvature [7, 8] , DNA stacking energy [9] , and DNA exibility [10, 11] . Brie y, the structural values are assigned to every nucleotide in a DNA sequence by looking up the values for corresponding di-or trinucleotides in a table; in the case of curvature, the value for a 21-bp window was calculated. The level of each parameter was depicted on the circles of the DNA Atlases as differences in color and color intensity.
Purine and pyr/pur Stretches
The fraction of purine (R) or alternating pyrimidine/purine (YR) stretches was calculated for C. jejuni and other genomes, using a PERL script which searched for regular expressions in the sequence, as described in more detail elsewhere [12] . A minimum length of 10 bp was chosen because this re ects one turn of the DNA helix. GENOME LETTERS 2002, 1, 16-25 Perfect palindromes: two copies of a sequence located on opposite strands 90% 7 30 Quasi-palindromes: two less exact copies of a sequence located on opposite strands 80% 7 30
Global repeats: two copies of a sequence that can be located on the same strand 80% 100 Entire chromosome (global direct repeats) or opposite strand (global inverted repeats)
Repeat Sequences
Repeats are multiple copies of the same sequence at different locations on a piece of DNA. Direct and inverted repeats were both calculated with the same basic algorithm [3] , which nds the highest degree of homology for an R bp repeat within a window of length W (see Table 2 ). Similarly, palindromic sequences likely to form cruciform structures [13] were considered in this study and were located by application of the computational parameters described in Table 2 . Global repeats for the 26 chromosomes shown in Figures 1 and 2 and in Table 1 were calculated with an alternative and faster approach, where the chromosomal DNA sequence was compared against itself with a BLAST search, as described elsewhere [14] .
RESULTS AND DISCUSSION

Comparison of Repeats in C. jejuni with other Proteobacteria Chromosomes
The characteristics of the C. jejuni chromosomes differ from those of Proteobacteria chromosomes in several respects, as shown in Figures 1 and 2 . Global repeats are less frequent in C. jejuni compared with the average of the other genomes (note in particular the very low levels of global inverted repeats; see Fig. 1a ). This is consistent with the nding that global repeats are uncommon in C. jejuni [2] , although we believe our results are the rst to quantitate the level of repeats in this and other chromosomes of Proteobacteria in a well-de ned manner. In contrast to the low level of repeats at the global level, we nd that local repeats are quite abundant in C. jejuni (Fig. 1b) , with approximately 15% of the genome containing local repeats of 80% or greater match. The proportion of local repeats is higher in C. jejuni than in most other Proteobacteria genomes, including H. pylori. Only the insect symbiont Buchnera sp. APS shows a higher level of local repeats. Thus, the amount of repeats in C. jejuni, compared with other genomes, depends strongly on the window size used, and the level of global repeats is low, but local repeats are abundant. The abundance of local repeats in C. jejuni is, in part, a re ection of the high AT content; as the AT (or GC) content approaches 100%, the DNA alphabet effectively becomes reduced from a 4-letter alphabet to a 2-letter alphabet, with the chance of nding the same base increasing from 25% to 50%. This is illustrated in Figure 2a , where the level of palindromes is about 5% of the chromosome for both C. jejuni (69% AT) and Bordetella pertussis (32% AT, or 68% GC), and 7.5% for Buchnera sp. APS (74% AT).
Palindromes are quite abundant in the C. jejuni genome compared with other Proteobacteria chromosomes, as can be seen in Figure 2a . As in the case of local repeats, C. jejuni contains the second largest fraction of palindromes. This may be signi cant since such sequences can fold back on themselves and form stem-loop or cruciform structures.
The occurrence of purine and pyr/pur tracts in Proteobacteria chromosomes averages 1.15% and 1.47%, respectively, which is higher than what is expected by random chance (1.0%) [12] . However, the corresponding values for the C. jejuni and H. pylori genomes (˜-subdivision Proteobacteria) are 2.69% and 2.76% (purine stretches), and just 0.2% and 0.3% (pyr/pur stretches) (Fig. 2b) . Although the high AT content of C. jejuni (69%) may partly account for the higher occurrence of repeats and palindromes as compared with other organisms, this cannot explain the elevated level of purine stretches in C. jejuni, or the rather low level of pyr/pur stretches, since the chance of nding a purine is still one-half, whether a sequence is 50% AT or 100% AT.
Biological Implications of Repeats
The frequent occurrence of local repeat elements within the C. jejuni genome may be indicative of an elevated level of recombination on this genome compared with other Proteobacteria genomes. Although bias in AT/GC content could easily be the explanation for the abundance of the repeats, the fact remains that a signi cant fraction of the genome contains local repeats. The biological result is a much greater chance of mutation, in terms of replicationinduced errors (such as slipped-strand mispairing), quasipalindrome correction (whereby an imperfect palindrome is Table 2 . Legends on the x axis refer to bacterial strains (Table 1) . Proteobacteria subdivisions are shown with brackets on each panel.
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altered to produce a perfect palindrome [15] ), and homologous recombination. In addition, certain (often G-rich) purine stretches have the potential to form triplex DNA, and it has been hypothesized that triple-stranded DNA has an increased potential to undergo recombination, via a triple-stranded intermediate [16] . It is well established that C. jejuni and H. pylori are organisms that show substantial variation in genomic organization [17, 18] , with a high degree of geno-and phenotypic diversity [19] [20] [21] . Results from multilocus sequence typing analyses suggest that the uptake and integration of foreign DNA is an important factor driving genetic change and results in weakly clonal population structures [22] [23] [24] , wheras slipped-strand mispairing has been observed in key regions of the C. jejuni 90%) ; the fraction of palindromes is calculated as described in Table 2 . (b) Purine or pyr/purine stretches, as de ned in the text; the fraction of purine and pyr/pur stretches is as described in Experimental Details. Legends on the x axis refer to bacterial strains as indicated in Table 1 . Proteobacteria subdivisions are shown with brackets in each panel.
genome [2] . The greater proportion of local repeats in C. jejuni compared with H. pylori is somewhat anomalous in the population structures of these bacteria since H. pylori seems to be panmictic [20] , although weakly clonal groups have been observed in this species [22] . It is evident that mechanisms leading to recombination are complex, and even though the presence of repeat elements is important in this context, other hitherto uncharacterized factors may play a signi cant role in some bacteria.
Visualization of Repeats and Structural Motifs in the C. jejuni Genome
Although determination and comparison of frequency of repeat sequences offer an insight into the mutational potential of bacteria, it is also important to localize these struc-GENOME LETTERS 2002, 1, 16-25
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tures within the chromosome-are they homogeneously distributed throughout, or are they spatially localized into small regions of functional signi cance? Figure 3 shows a "GenomeAtlas" for the C. jejuni genome. The gure shows distinct structural differences between chromosomal regions. The innermost circle (purple/turquoise) shows the GC skew [25] , which readily shows the origin of replication and two replicores. The next two inner circles in Figure 3 are the global repeats, with the solid blue circle representing the location of global Direct Repeats, and the solid red circle indicating global Inverted Repeats. There are many more direct repeats than inverted repeats (see also Fig. 1a) , and the major regions (e.g., dark blue bands) correspond to the rRNA genes and a few other genes, including the a locus. The next circle shows the location and direction of annotated genes, and it is obvious that there is a bias toward genes in the forward direction of the leading strand in the right half of the genome, and vice versa. The three out- ermost circles show the position preference, base-stacking energy, and intrinsic curvature, respectively. Similar to the other circles, extreme values are indicated with a darker color, and it is evident that there are localized regions of extreme values.
The replicore on the right half of the genome (e.g., in the direction of the sense strand of the sequence le) contains three rRNA operons that are readily identi ed by their low position preference and highly negative stacking energy (Fig. 3) . It has been hypothesized that genes with low position preference have the potential to be highly expressed [4] , and preliminary results from microarray-based expression data from Escherichia coli support this hypothesis (D. Ussery, unpublished data). A highly negative stacking energy is indicative of more thermodynamically stable (usually GC-rich) regions and likely a lower mutation rate [26] . The high expression potential and low mutation fre-GENOME LETTERS 2002, 1, 16-25 quency indicated by these structural parameters are fundamental characteristics of the ribosomal gene loci [27] and therefore are congruent with our observations.
In contrast, the replicore on the left half of the genome contains several regions coding for surface-exposed structures, including lipo-oligosaccharide (LOS), surface polysaccharide, and capsular antigens, and agellin and agellar modi cation (locations of selected genes are shown in Figs. 3, 4, and 5) . The DNA structural characteristics of the former two gene clusters include high proportions of palindromic and repeat sequences (see Fig. 4 ) and a comparatively low stacking energy, indicated by distinct red bands in Figure 3 . These properties suggest a potential for rapid genomic change by recombination or mutation, features consistent with the observed variability of surface structures in C. jejuni. Quasi-palindromes and perfect palindromes, as well as local inverted and direct repeats, are concentrated in those regions (Fig. 4) . Quasi-palindrome correction, whereby an imperfect palindrome is altered to produce a perfect palindrome [15] , and palindromestimulated deletions [28] are common mechanisms of mutagenesis. Likewise, simple tandemly repeated sequences can lead to deletions or insertions [29] , and in general repeats can be involved in homologous recombination events, thereby contributing to variability in surface structures. The LOS and surface polysaccharide regions, but not the a gene region, are characterized by less negative stacking energies, and the AT content in those regions is higher than the genome average. Chromosomal regions with less negative stacking energies will melt more readily and therefore may have a higher tendency to mutate, since many mutagenic events occur as single-stranded DNA. In summary, we see several indications of a high concentration of mutational hot spots in the surface structure regions. Note in Figure 5 that often palindromes are found within intergenic regions. Palindromes occurring at the 3 0 end of genes might form stem loop structures involved in termination of transcription.
DNA Structures in the Flagellar Loci
The region containing genes coding for agellar production and modi cation is characterized by (in addition to an elevated level of local repeats) a remarkable concentration of global repeats, where the two a genes ( aA and aB)are Petersen et tandemly repeated, and the genes belonging to the 1318 gene family contain a conserved domain (Fig. 5) [30] . This indicates amenability to spontaneous genetic change either by recombination or by mutations. The diversity among a genes of different C. jejuni strains is well known and is exploited in the a-typing method [31] , and the high potential for recombination of the a genes is also well established [32] . Thus, a good correlation between experimental evidence of recombination potential and that inferred by DNA structural parameters as determined here is seen. Moreover, both aA and aB show low values for the position preference measure, and the propensity for high expression (discussed above) has been well documented in experiments showing that agellar proteins of C. jejuni constitute a major component of the whole-cell protein content [33] . FlaA is the most well-characterized virulence factor of C. jejuni and is necessary for chemotactic behavior and colonization of host intestine [34] , whereas the remaining genes marked in Figure 5 are involved in post-translational modi cation of agellin [2, 35] and phase variation of agella-mediated motility [30] . It is obvious that some of the parameters described are correlated to some degree. For instance, there is a clear correlation between AT percentage and stacking energy (Fig. 5 ). There is, however, a less obvious relationship between the other parameters. Intrinsic curvature is not as strongly correlated with AT content, and although palindromes often can occur in AT-rich regions, this is not always the case.
SUMMARY AND CONCLUSIONS
There are many ways in which DNA structural conformations at the genomic level can affect biological processes. Examples of two important aspects that can be readily visualized in the C. jejuni GenomeAtlas (Fig. 3) are the localization of mutational hot spots (e.g., LOS, aA, and surface polysaccharides) and the relationship between exible regions and highly expressed genes (e.g., rRNA operons). There are signi cant correlations between DNA structures visualized in the GenomeAtlas and experimental data regarding the expression, stability, and recombination potential of genes. The concordance with wellcharacterized genes suggest a potential for determining key properties in less extensively studied loci and for investigating the possible signi cance of base substitutions in speci c genes detected between different strains. We suggest GENOME LETTERS 2002, 1, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] that the GenomeAtlas is one useful bioinformatics tool that can assist in unlocking the hitherto unrealized information potential contained in an entire genomic sequence.
